Aluminium nitride (AlN) powders with 0-1.2mass% of carbon and 5mass% of Y2O3 addition were sintered at 2023 and 2073K under a nitrogen atmosphere, and the sintered samples were characterized by their oxyg en content, composition of the secondary phase, micro structure, density, and thermal conductivity. With an increase of carbon addition, the oxygen content decreased linearly and the secondary phase changed from aluminium-rich to yttrium-rich. The microstruc ture, density and thermal conductivity of the sintered samples were also found to depend strongly on the oxy gen content. The correlation between the oxygen con tent and the sintering behavior of AlN with Y2O3 sinter ing aid has been discussed.
Introduction
Aluminium nitride (AlN) is an attractive material because it has high thermal conductivity combined with good electrical insulation, low dielectric con stant and low thermal expansion coefficient, and can be pressureless-sintered with additives to theoretical density.1),2) These properties make AlN a leading candidate as a substrate for power circuits and mul tichip modules, and as a packaging material for in tegrated circuits.
Oxide additives, particularly Y2O3 or CaO, are efficient densification aids for pressureless sintering of AlN.3) They not only enable full densification of AlN at relatively low temperature, but also increase its thermal conductivity. It has been suggested that a secondary phase, also called a grain boundary phase, is formed at sintering temperature as a result of reac tions between the oxide additives and the oxygen im purity in AlN, and accelerates its sintering. The for mation of the secondary phase also reduces AlN lat tice defects caused by dissolved oxygen, which cause phonon scattering, and improves its thermal conduc tivity. The sintering of AlN is known to be strongly affected by the kinds and addition levels of the sinter ing aids.
On the other hand, AlN tends to absorb moisture and oxygen during pulverizing and handling in the air due to its chemical activity. There exists about 0.8-2.0mass% oxygen as an impurity in commercial AlN powders. It is expected that the oxygen content in AlN powder will affect the formation of the secon dary phase and thus the sintering of AlN. Sakai and Iwata investigated the effect of the oxyg en content level as an impurity on the densification behavior of pure AlN by a hot-pressing process, and reported that oxygen accelerates the densification of AlN and improves the mechanical strength of the sin tered samples.4) Kuramoto et al. studied the effect of oxygen content on the thermal conductivity of the pressureless-sintered AlN with CaO additive, and concluded that thermal conductivity of AlN is inver sely proportional to the logarithm of the oxygen content.5) Other investigations on the correlation be tween oxygen content and thermal conductivity of the AlN with Y2O3 additive were conducted by sever al research groups,6),7) in which the oxygen content was changed by the control of both sintering temper ature and sintering period, and the thermal conduc tivity of AlN was reported to be increased by decreas ing oxygen content. However, few detailed studies have been performed on the correlation between oxy gen content and sintering behavior as well as proper ties of AlN with sintering additives. 
Sample preparation
The starting materials were mixed in 2-propanol for 12h using a plastic bottle mill with nylon balls. The added amount of Y2O3 was 5mass% for all the samples, and the addition of carbon was changed from 0 to 1.20mass%, as shown in Table 2 . After drying, the mixed powder was pressed into pellets and cold isostatically pressed (CIPed) under 98 MPa for 2min. The CIPed pellets were placed in a BN crucible and sintered in a graphite resistance fur nace at the temperature of 2023K as well as 2073 K for 3h under a 0.1MPa nitrogen gas atmosphere (see Table 2 ). The heating and cooling rates were 5 and 2K/min, respectively.
Characterization
For the sintered samples, the bulk density was measured by a displacement method in water. The fractured surfaces were observed by a scanning elec tron microscope (SEM). The oxygen and carbon contents were measured by a hot gas extraction method, and yttrium content was analyzed by an in ductively coupled plasma (ICP). The crystalline phases were determined by X-ray diffraction (XRD), and the composition of the secondary phase was cal culated using the relative intensities of the diffrac tion lines of (211) for Y3Al5O12(YAG), (121) for YAlO3(YAL), and (112) for Y4Al2O9(YAM), respectively. Thermal conductivity was measured at room temperature by a laser flash method. Table 3 . The residual carbon in all the samples showed the same value and was smaller than that observed in the raw powder, with no rela tion to either the amount of the added carbon or the sintering temperature. This indicates that all added carbon had either reacted with the oxygen in the raw powder or evaporated during sintering. The yttrium content in the sintered samples was measured to be very close to the added amount, showing no evapora tion of yttrium during sintering.
The oxygen content in the sintered samples listed in Table 3 was calculated by subtracting the Y203's oxygen from the total observed oxygen. The oxygen content in the samples without carbon addition (sam ples A-4 and B-4) decreased as compared to that of the raw powder, which may be due to the evapora tion of the absorbed oxygen on the surface of the raw powder. It is observed that the oxygen content decreased with an increase of carbon addition. A ten dency toward reduction, although small, is also seen in the oxygen content as sintering temperature in creases, being consistent with the report by watari et al.6) Figure 1 shows the correlation between the reduc tion of oxygen content(O) , in comparison with those without carbon addition, and the amount of ad ded carbon (C) in the sintered samples. It is seen that oxygen reduction increases linearly with an in crease in the addition of carbon by the following for mula.
(mass%)=1.17C(mass%) (1) This result indicates that about 1.1mol of carbon is required to remove 1mol of oxygen from the raw powder. Using formula (1), it is believed that the oxygen in AlN ceramics can be controlled accurately by the addition of carbon. Yan et al.8) studied the residual carbon on the surface of the binder-burnout AlN powder with X-ray photoelectron spectroscopy (XPS), and indicated that almost all the oxygen in the samples with C/O atomic ratio higher than 1.0 was removed by the carbon-deoxidation reaction dur ing sintering. Our result is close to theirs, although the source of carbon was not the same in the two cases. Thus the chemical reaction between carbon and oxygen in this study can also be considered to obey the following reaction formula reported by Yan et al. 8) Al2O3+3C+N2=2AlN+3CO (2) Greater consumption of carbon compared to formula (2) to remove the oxygen from the samples may be due to the evaporation of a part of carbon black in the present sintering condition. .2 Phase composition The secondary phase observed by XRD in the sin tered samples varied with the residual oxygen, as shown in Table 4 . The phases of both YAL and YAM coexisted in the samples with lower oxygen content (samples A-1 and B-1), while only YAG ex isted in those with higher oxygen content (samples A-4 and B-4). In the other samples, both YAG and YAL phases were observed (samples A-2, A-3, B 2, and B-3).
These results may be explained by using the Y2O3 -Al2O3 phase diagram, as shown in Fig. 2 . In this study, we assume that all the oxygen in the powder exists as Al2O3 when it reacts with Y2O3. With con stant addition of Y2O3, it is clear that the composi tion of the secondary phase is determined by the amount of Al2O3, or oxygen content. The amount of secondary phase in each sample was calculated, ac cording to the added amount of Y2O3 and the resid ual oxygen content shown in Table 3 , and listed in Table 4 . The calculated values agree well with the measured ones in all the samples, suggesting that the reaction of Al2O3 and Y2O3 occurs in a nearly equilibrium state. It is considered that the phase com position of the secondary phase can be controlled with the control of the oxygen content and Y2O3 in AlN (Y2O3) ceramics. 
Densification
The relative density of the sintered samples is list ed in Table 3 . The 100% density was calculated from the fractional summation of the crystalline den sity of hexagonal AlN (3.261g/cm3, from JCPDS card 25-1133) and cubic Y2O3 (5.031g/cm3, from JCPDS card 41-1105). The samples having higher oxygen content showed density as high as 99.6% at both sintering temperatures of 2023 and 2073K . The density of the samples tends to decrease with a decrease of the oxygen content, particularly at lower sintering temperature (for sample A-1, density as low as 79.8% was obtained), although the starting powders had the same particle size, which is known to strongly affect the sintering of AlN.
In the case without sintering aid, the oxygen was reported to cause the cation vacancy in AlN and in crease the diffusion coefficient for the densification process, and thus accelerate the densification of AlN.4) But in the present case, the effect of oxygen on the sintering of AlN should be related with the Y2O3 additive. It is believed that the ratio of oxygen content and Y2O3 additive affects the composition of the secondary phase, and changes the liquid phase temperature and densification process. With the same Y2O3 addition, the increase of oxygen content easily causes the formation of the secondary phase with higher Al2O3 content and lowers its melting tem perature, thus promoting the densification of AlN (see Fig. 2 ).
3.4 Microstructure The fractured surfaces of the sintered specimens were examined by SEM, and two selections are shown in Fig. 3 . The difference in the degree of den sification of the samples with different oxygen con tent is distinguishable. Little grain growth and many intergrain pores are seen in the sample with lower oxygen content (sample A-1), while grain growth is evident for the sample with higher oxygen content (sample A-4). The degree of densification observed in SEM is consistent with the density measure ments.
3.5 Thermal conductivity The thermal conductivity of the sintered samples is summarized in 4. Conclusions AlN powders with 5mass% of Y2O3 and 0-1.20 mass% of carbon addition were sintered at 2023 and 2073K under a nitrogen atmosphere. An investiga tion was made for the correlation between the oxy gen content, which was controlled by the amount of the added carbon, and the sintering of the powders as well as the properties of the sintered samples. The results were shown as follows:
(1) The oxygen reduction in the sintered sam ples was linearly proportional to the amount of ad ded carbon. It takes about 1.1mol of carbon to re move 1mol of oxygen from the ALN samples during sintering.
(2) With constant Y2O3 addition, the secondary phase in the sintered samples changes from alumini um-rich to yttrium-rich as oxygen content decreases. The phase composition is consistent with that calcu lated according to the Al2O3-Y2O3 phase diagram.
(3) The density of the sintered samples decreases with decrease of the oxygen content.
(4) The thermal conductivity of the sintered samples with relative density over 95% increases as oxygen content decreases.
